Introduction
COPD is a major cause of morbidity and mortality worldwide, and the socioeconomic burden of the disease is rapidly increasing. [1] [2] [3] As the airflow limitation is a distinct feature of COPD, spirometry has been widely used for its diagnosis. [2] [3] [4] [5] [6] [7] However, the proper method for defining the airflow limitation by spirometry has yet to be fully established and is under intense debate, particularly regarding the elderly population.
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Oh et al For example, the fixed ratio that defines the airflow limitation as the ratio of forced expiratory volume in 1 second (FEV 1 ) to forced vital capacity (FVC) less than a fixed cutoff, such as 0.70, has been used frequently due to the simplicity 3, [10] [11] [12] but has been disputed because of the possibility of overdiagnosis, especially in the elderly population. 5, 7, [13] [14] [15] [16] On the other hand, the Z-score or lower limit of normal of FEV 1 /FVC have been considered as being less influenced by the age-related issues, because it defines the pathologic state by taking into account the age-adjusted normal reference. 5, 7, [13] [14] [15] [16] However, this method has been criticized as well because of the complexity and the risk of underdiagnosis. 17, 18 As there is no gold standard for defining the airflow limitation particularly in the elderly population, several studies have compared the fixed ratio and the Z-score or lower limit of normal of FEV 1 /FVC using various clinical outcomes such as respiratory symptoms, FEV 1 declines, emergency department visits, and respiratory-or COPDrelated hospitalizations. [19] [20] [21] [22] However, there have only been a few studies comparing both methods in terms of the long-term mortality, which is the most robust and reliable outcome in clinical studies. 23, 24 Therefore, we performed a study to identify the proper method for defining the airflow limitation in terms of long-term mortalities in the elderly population. In addition, because there is a lack of evidence that the conventional cutoffs of 0.70 in the fixed ratio and −1.64 in the Z-score of FEV 1 /FVC are the optimal values for predicting long-term mortalities in the elderly population, we also examined the optimality of the conventional cutoffs in both methods.
Methods study design and population
We used the data from the Third National Health and Nutrition Examination Survey in the US (US NHANES III), which were utilized in our previous study. 25 Briefly, non-Hispanic Caucasians (aged 17-80 years) with three or more acceptable spirometry results were included in our previous study. 25 Among them, subjects who were aged 65 years were included and those with possible restrictive disease defined as both FVC 80% of predicted value and FEV 1 /FVC 0.70 were excluded from the study (Figure 1) .
The spirometry results and mortality status of the subjects during 10-year of follow-up were collected in addition to the demographic data including age, sex, height, smoking history, and comorbidities. The cause of death was assessed in each fatal case, and the mortality was reclassified into 10-year all-cause, respiratory, and COPD mortalities.
For these outcomes, the receiver operating characteristic (ROC) curves of both the fixed ratio and the Z-score of FEV 1 /FVC were plotted. The preferred method was assessed by comparing the areas under the curve (AUCs) of both methods for the long-term mortalities.
The optimal cutoff that shows the highest Youden index (sensitivity + specificity − 1) was assessed in each ROC curve and compared to the conventional cutoffs -0.70 in the fixed ratio and −1.64 in the Z-score of FEV 1 /FVC -as appropriate. Performance indices such as sensitivity, specificity, positive likelihood ratio (LR+), and negative likelihood ratio (LR−) were also calculated and compared at both the conventional and optimal cutoffs.
The study was approved by the institutional review board of Asan Medical Center (approval number: 2016-0198). Since the data of US NHANES III were de-identified and freely open to the public, no US institutional review board approval was required.
spirometry results
We performed the study using the data from the US NHANES III, and the manner of the spirometry measurement used in the survey was described previously. 25, 26 Briefly, each subject attempted to perform at least five FVC maneuvers and was requested to meet the acceptability and reproducibility criteria of the American Thoracic Society (ATS). Bronchodilators were not used for the spirometry. The spirometry system had been independently tested and proved to be qualified for the spirometry equipment recommendations of the ATS.
The Z-scores of spirometry values were calculated using the lambda-mu-sigma (LMS) method, by which the spirometry values of median (mu), coefficient of variation (sigma), and skewness (lambda) were modeled. 25, 27, 28 The reference spirometry values obtained from Hankinson were preferred in this study, since they were derived from the US NHANES III as well. 26 In addition, we repeated the analyses using the reference spirometry values from the Global Lung Function Initiative (GLI), which is available at the official website of GLI (http://www.ers-education.org/guidelines/ global-lung-function-initiative.aspx). 29, 33 
Mortality data
The US NHANES III provided mortality data based on the National Death Index, and we reclassified them into 10-year all-cause, respiratory, and COPD mortalities. Respiratory and COPD mortalities were defined using the 10th revision of the International Classification of Diseases (ICD-10) codes J10-J98 and J40-J47, respectively. The codes for asthma, 
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Fixed ratio vs Z-score of FeV 1 /FVC J45 and J46, were included in the respiratory mortality but excluded from the COPD mortality.
statistical analysis
Results for continuous variables were expressed as mean ± standard deviation and those for categorical variables were expressed as absolute frequency and percentage.
The AUCs were expressed with 95% confidence interval, and DeLong's method was used for the comparison. A p-value of 0.05 was considered as statistically significant. All statistical analyses were completed using SPSS version 21.0 for Windows (IBM Corporation, Armonk, NY, USA) and MedCalc, version 17.5.5 for Windows (MedCalc Software bvba, Ostend, Belgium). 
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Results
subject characteristics
Among 1,331 subjects included in the study, the mean age was 71.7±4.5 years and 805 (60.5%) were males. In all, 808 (60.7%) subjects had smoking history. The mean value of FEV 1 /FVC was 0.68±0.10 and that of Z-score of FEV 1 /FVC was −0.71±0.91 (Table 1) . During the 10-year follow-up, mortality from any cause occurred in 490 (36.8%) subjects, while 48 (3.6%) and 29 (2.2%) mortalities were related to the respiratory and COPD causes, respectively.
Prediction performance of the fixed ratio and the Z-score of FeV 1 /FVC for the mortalities in the elderly population Cutoffs and performance indices of the fixed ratio for the mortalities in the elderly population
For 10-year all-cause, respiratory, and COPD mortalities, the optimal cutoffs of the fixed ratio were 0.69, 0.62, and 0.61, respectively, and the conventional cutoff of 0.70 was consistently higher than the optimal values (Table 2 and Figure 3 ). Interestingly, regardless of the mortalities, the sensitivity of the conventional cutoff was consistently higher than that of the optimal cutoff (0.655 vs 0.610 for 10-year all-cause mortality, 0.894 vs 0.628 for 10-year respiratory mortality, and 1.000 vs 0.862 for 10-year COPD mortality, respectively). On the other hand, the specificity of the conventional cutoff was consistently lower than that of the optimal cutoff (0.528 vs 0.574 for 10-year all-cause mortality, 0.488 vs 0.816 for 10-year respiratory mortality, and 0.471 vs 0.823 for COPD mortality, respectively; Table 2 and Figure 3 ).
Cutoffs and performance indices of the Z-score of FeV 1 /FVC for the mortalities in the elderly population
For 10-year all-cause, respiratory, and COPD mortalities, the optimal cutoffs of the Z-score of FEV 1 /FVC were −1.31 (9th-10th percentile), −1.47 (7th-8th percentile), and −1.41 (7th-8th percentile), respectively; in contrast to the fixed ratio, the conventional cutoff of −1.64 (5th percentile) was consistently lower than the optimal values (Table 3 and Figure 4 ). For the performance indices, the sensitivity of the conventional cutoff was consistently lower than that of the optimal cutoffs (0.245 vs 0.355 for 10-year all-cause mortality, 0.521 vs 0.617 for 10-year respiratory mortality, and 0.724 vs 0.897 for 10-year COPD mortality, respectively). On the other hand, the specificity of the conventional cutoff was consistently higher than that of the optimal cutoff (0.892 vs 0.800 for 10-year all-cause mortality, 0.869 vs 0.819 for 10-year respiratory mortality, and 0.854 vs 0.780 for 10-year COPD mortality, respectively; Table 3 and Figure 4 ). When the reference values from GLI were used for the analysis, the optimal cutoffs of the Z-score of FEV 1 /FVC for 10-year mortalities were "left shifted" and were −1.76 
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Fixed ratio vs Z-score of FeV 1 /FVC (3rd-4th percentile) for both 10-year all-cause and respiratory mortalities and −1.58 (5th-6th percentile) for 10-year COPD mortality ( Figure S2 ).
subgroup analysis by sex
In male elderly population (n=805), the AUCs of the fixed ratio for 10-year all-cause and respiratory mortalities were significantly greater than those of the Z-score of FEV 1 In the female elderly population (n=526), the AUC of the fixed ratio for 10-year all-cause mortality was significantly greater than that of the Z-score of 
Discussion
Although mortality is the most robust and reliable outcome of clinical studies on COPD, it has been rarely used for the comparison of the fixed ratio and the Z-score or lower limit of normal of FEV 1 /FVC because it requires high patient numbers and extended study duration. 23, 24 In this study, we compared the prediction performance of the fixed ratio and the Z-score of FEV 1 /FVC for 10-year all-cause, respiratory, and COPD mortalities, particularly in the elderly population, which is at the center of the debate on the definition of airflow limitation by spirometry. We found that both methods show comparable prediction performance for 10-year respiratory and COPD mortalities in the elderly population regardless of the reference values (Figures 2B and C and S1B and C).
These results suggest that the fixed ratio and the Z-score or lower limit of normal of FEV 1 /FVC can both be used to define the airflow limitation in the elderly population and can be chosen according to the physician's preference. Considering the advantage of the simplicity of the fixed ratio, we assume that the fixed ratio might be more favored in clinical settings, which is in line with the perspective of the Global Initiative for Chronic Obstructive Lung Disease (GOLD). 3 On the other hand, for 10-year all-cause mortality, the fixed ratio consistently showed better prediction performance than the Z-score of FEV 1 /FVC in the elderly population (Figures 2A and S1A) . However, we believe that it needs to be interpreted with caution because the low AUCs of both methods -0.633 in the fixed ratio and 0.616 (or 0.607 with the reference values from GLI) in the Z-score of FEV 1 / FVC -indicate subpar prediction performance. These might stem from the heterogeneity of all-cause mortality. Since we limited the study population to those aged between 
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Oh et al 65 and 80 years, the subjects had a substantial number of comorbidities, including hypertension, diabetes, cancer, heart attack, and heart failure, that might influence the all-cause mortality (Table 1) . Therefore, there might be a substantial number of mortalities independent of the pulmonary function, and the spirometry itself might be insufficient for predicting 10-year all-cause mortality in this high-comorbid population.
We also investigated the optimality of the conventional cutoffs for predicting 10-year all-cause, respiratory, and COPD mortalities in the elderly population. Although the conventional cutoffs -0.70 in the fixed ratio and −1.64 in the Z-score of FEV 1 /FVC (5th percentile in the lower limit of normal) -have been widely used in clinical studies and practices, both cutoffs were defined as arbitrary by experts. 16 We found that, regardless of mortalities, the conventional cutoff of 0.70 in the fixed ratio was consistently higher than the optimal cutoff with a higher sensitivity and a lower specificity (Table 2 and Figure 3 ). This is in line with the criticism that the fixed ratio may be prone to overdiagnosing the airflow limitation in the elderly population. 5, 7, [13] [14] [15] [16] On the other hand, the conventional cutoff of −1.64 in the Z-score of FEV 1 /FVC was consistently lower than the optimal cutoff with a lower sensitivity and a higher specificity (Table 3 and Figure 4 ). This also correlates well with the criticism that the Z-score or lower limit of normal of FEV 1 /FVC may be prone to underdiagnosing the airflow limitation in the elderly population. 17, 18 Thus, the conventional cutoffs of both the fixed ratio and the Z-score of FEV 1 /FVC may be biased in the elderly population and the over-and underdiagnosis of the airflow limitation might be affected by not only the innate characteristics of each method but also the biased cutoffs. However, we could not determine a single best cutoff from our study because the optimal cutoffs varied with the outcomes and because there was no consensus regarding the desirable clinical outcome for the comparison. Nevertheless, we believe that our findings are meaningful since they raise the awareness of the uncertain optimality of the conventional cutoffs.
In the analysis using the reference values from GLI, however, the optimal cutoffs of the Z-score of FEV 1 /FVC for 10-year mortalities were "left shifted" and those for both 10-year all-cause and respiratory mortalities were less than the current cutoff (−1.76 vs −1.64 for both mortalities; Figure S2 ). Considering the "left-shifted" distribution of the Z-scores of FEV 1 /FVC with the reference values from GLI in this elderly Caucasian population ( Figures S5  and S6 ), we assume that the "left-shifted" optimal cutoffs might be influenced by the "left-shifted" distribution of the Z-scores. The geographic and time differences between the US NHANES III and GLI and the extreme age distribution of the subjects might contribute to these results, but we believe that the details should be investigated in further studies.
Since the study population was predominantly males, we performed the subgroup analysis by sex. Overall, the results were similar between the groups, but the optimal cutoffs of the fixed ratio and the Z-score of FEV 1 /FVC for 10-year all-cause mortality in male elderly population were "right shifted" with the optimal cutoffs of 0.71 in the fixed ratio and −0.53 in the Z-score of FEV 1 /FVC ( Figure S3A) . Considering that the male elderly subjects are prone to have comorbidities that might influence the mortalities, we assume that the spirometry itself might be insufficient for predicting 10-year all-cause mortality, particularly in male elderly population.
This study has several limitations. First, we evaluated the prediction performance of each method for defining the airflow limitation by spirometry using retrospectively collected mortality data. Although mortality is the most robust and reliable outcome in the clinical studies, 24 the retrospective data on mortality might be confounded by inherent statistical biases. 30, 31 Second, although the ICD-10 codes were used for classifying the cause of death, there might be a potential error that may have influenced the results. However, the mortality status and cause of death of the subjects of the US NHANES III have been extensively validated in previous studies; 18, 25, 28 therefore, we assume that the effect of potential error on the results of this study is minimal. Third, whereas post-bronchodilator spirometry is required for strict diagnostic criteria of both the fixed ratio and the Z-score of FEV 1 /FVC, it was not available in this general populationbased survey. However, as Soriano and Mannino 32 indicated, the clinical significance of bronchodilator responsiveness is not universally accepted and the importance of the postbronchodilator spirometry is being challenged. Finally, since we only included Caucasian subjects aged 65-80 years, the general application of the results to other age or ethnic groups might be limited. However, considering that the debate on defining airflow limitation by spirometry is mainly over the elderly population, we believe that the investigation limited to this age group is necessary and has a distinct significance.
Conclusion
In the elderly population, both the fixed ratio and the Z-score of FEV 1 /FVC showed comparable prediction performance for 10-year respiratory and COPD mortalities. These suggest that both the fixed ratio and the Z-score or lower limit of normal FEV 1 /FVC can be used to define the airflow 
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Fixed ratio vs Z-score of FeV 1 /FVC limitation in the elderly population, although we assume that the convenient fixed ratio might be favored by clinicians due to its simplicity.
In addition, the conventional cutoffs -0.70 in the fixed ratio and −1.64 in the Z-score of FEV 1 /FVC -seem to provide biased results in the elderly population in that they may contribute to over-and underdiagnosis of the airflow limitation, respectively. Further investigation for defining a single best cutoff for each method is required. 
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